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Background: YAP1 regulates EMT and cell proliferation.

Results: Deletion of YAP1 in endocardial cells reduces EMT of endocardial cells, and causes cardiac cushion defect.

Conclusion: YAPI is required for cardiac cushion development.

Significance: This is the first in vivo genetic evidence for YAP1 function in EMT.

Cardiac malformations due to aberrant development of the
atrioventricular (AV) valves are among the most common forms
of congenital heart diseases. Normally, heart valve mesenchyme
is formed from an endothelial to mesenchymal transition (EMT)
of endothelial cells of the endocardial cushions. Yes-associated
protein 1 (YAP1) has been reported to regulate EMT in vitro, in
addition to its known role as a major regulator of organ size and
cell proliferation in vertebrates, leading us to hypothesize that
YAP1 is required for heart valve development. We tested this
hypothesis by conditional inactivation of YAP1 in endothelial
cells and their derivatives. This resulted in markedly hypocellu-
lar endocardial cushions due to impaired formation of heart
valve mesenchyme by EMT and to reduced endocardial cell pro-
liferation. In endothelial cells, TGFf induces nuclear localiza-
tion of Smad2/3/4 complex, which activates expression of Snail,
Twistl, and Slug, key transcription factors required for EMT.
YAP1 interacts with this complex, and loss of YAP1 disrupts
TGEB-induced up-regulation of Snail, Twistl, and Slug. Together,
our results identify arole of YAP1 in regulating EMT through mod-
ulation of TGF3-Smad signaling and through proliferative activity
during cardiac cushion development.

Abnormal heart valve development accounts for a large pro-
portion of congenital heart disease, a major cause of death in
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infancy (1-3). The heart valves originate from swellings in the
heart tube known as the endocardial cushions. The atrioven-
tricular (AV)? cushions initiate regional expansion of extracel-
lular matrix (ECM) from both superior and inferior directions
at E9.0 in mouse embryos (4, 5). At E9.5, endocardial cells
receive activation signals from myocardium, undergo endothe-
lial to mesenchymal transition (EMT), and migrate into endo-
cardial cushions to form heart valve mesenchyme (6). The AV
cushions subsequently develop and mature into the final valvu-
loseptal structures that separate the four chambered heart and
permit unidirectional blood flow. Understanding the molecular
mechanisms regulating cardiac cushion formation provides
new insights into the pathophysiology of congenital heart dis-
eases involving malformed valves.

Among multiple signaling pathways that regulate cardiac
cushion development, TGER signaling plays a key role in regu-
lating cushion EMT (6). TGEB signaling is initiated when
homodimers of ligands (TGFB1-3) bind to type-I or type-II
serine/threonine kinase receptors on cell membranes, initiating
phosphorylation of Smad (Smad2, Smad3) transcription fac-
tors. Phosphorylated Smad2 and Smad3 complex with the com-
mon-mediator Smad4 and accumulate in the nucleus to regu-
late the transcription of specific genes, in cooperation with
other transcription factors, coactivators, and corepressors. Epi-
thelial cells, under the influence of TGFf and other signaling
pathways, undergo nuclear reprogramming involving several
transcription factors, such as Snail, Twistl, Slug, ZEB1, and
ZEB2 (7). One key event in heart valve development is the for-
mation of heart valve mesenchyme. Previous studies using in
vitro collagen gel explant assay showed that TGFf3 signaling is
essential for endocardial cushion EMT (8 -11).

Recent studies showed that the Hippo signaling pathway, ini-
tially discovered in Drosophila, is a key regulator of cell prolif-

3 The abbreviations used are: AV, atrioventricular; EMT, endothelial to mesenchy-
mal transition; YAP, Yes-associated protein; ECM, extracellular matrix; H&E,
Hematoxylin and Eosin; HUVEC, human umbilical vein endothelial cell.
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eration and organ size. This highly conserved kinase cascade
phosphorylates the transcriptional coactivator Yes-associated
protein 1 (YAP1), and restrains its activity. Recent studies
showed that YAP1 plays an important role in regulating heart
growth and regeneration (12—15). YAP1 loss of function caused
lethal myocardial hypoplasia, and gain of function enhanced
cell-cycle activity in cardiomyocytes both in vitro and in fetal
and infant hearts. In addition to regulating proliferation, YAP1
also promotes EMT and enhances in vitro invasion in cell lines
(16-19). In vivo, YAP1 has been reported to be potently pro-
metastatic in breast cancer and melanoma cells (20). Therefore,
in addition to cell proliferation, YAP1 enhances multiple other
processes including cellular transformation, migration, and
invasion. We therefore hypothesized that YAP1 plays an
important role in EMT during AV cushion development.

EXPERIMENTAL PROCEDURES

Animals—Tie2-Cre (21) and YAP17°* (22) mice were de-
scribed previously and bred on a C57BL6 background. These mice
were crossed to Rosa26™T™S (23) or Rosa26"*““ (24) reporter
mice for lineage tracing of endocardial cells. Tie2-Cre; YAP1""
embryos were produced by crossing Tie2-Cre; YAP1"™ male
mice with YAP1"? female mice. PCR analysis on genomic DNA
from yolk sac or tails was used for embryo genotyping. This study
was carried out in strict accordance with the guidelines in the Insti-
tutional Animal Care and Use Committee (IACUC) of the Insti-
tute for Nutritional Sciences, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

In Situ Hybridization—Whole mount in situ hybridization
was performed as described (25). For in situ hybridization on
cryosections, dissected embryos were fixed overnight in 4%
paraformaldehyde and embedded in optimal cutting tempera-
ture compound (OCT, Sakura). Embryos were sectioned at
8-um thickness. Slides were digested with protease K, acety-
lated with triethanolamine, dehydrated, and hybridized over-
night with riboprobes. The slides were washed in SSC buffer
and treated with ribonucleases at 37" C for 30 min. After incu-
bation with anti-digoxigenin antibody (Roche), the slides were
developed with BM purple (Roche) in the dark. Primers used for
generating probes were: YAP1, sense (5'-TTCCTGATGGAT-
GGGAGCAAG-3’) and antisense (5'-TCTGCGGTTCGGGT-
TCTT-TAG-3'); Msx2, sense (5'-AGGAAGACCAGATGGA-
CCAGACTC-3') and antisense (5'-GAAGA-GATGGACAG-
GAAGGTGAGAC-3'); Notchl, sense (5'-GGGCTATGAAT-
TTCACCGTGG-3’) and antisense (5'-GTCTGACAGTCCT-
CATCAGCTTGAC-3"); Slug, sense (5'-CAAAACCAGA-GA-
TCCTCACCTCG-3’) and antisense (5'-CAAAACCTTCTCC-
AGAATGTCGC-3"); Nfatcl, sense (5'-CCCGTCACATTCT-
GGTCCATAC-3') and antisense (5'-TCCTCACACACCTC-
TGGCAATAC-3'); Ve-cad, sense (5'-GCCAGAATGCTAAG-
TATGTGCTCC-3') and antisense (5'-GGTGAAGTTGCTG-
TCCTCGTTC-3'); TGEBL, sense (5'-TGGTGAAACGGAAG-
CGCATC-3') and antisense (5'-ACTTGCAGGAGCGCACA-
ATC-3').

Histological Analysis, Alcian Blue Staining, and Scanning
Electron Microscopy (SE)—Embryos were fixed in 4% parafor-
maldehyde and processed into paraffin-embedded serial sec-
tions using routine procedures. For general morphology,
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deparaffinized sections were stained with Hematoxylin and
Eosin (H&E) using standard procedures. For Alcian blue stain-
ing, tissues from paraffin sections were rehydrated and stained
in 3% Alcian blue solution (pH 2.5) for 30 min, washed in tap
water and counterstained with nuclear fast red. For SE,
embryos were sectioned and dewaxed in xylene, and fixed in 5%
acetic acid, 3.7% formaldehyde and 50% ethanol. Then the
embryos were dehydrated through a series washes in 50, 60, 70,
80, 90, and 100% ethanol. Liquid carbon dioxide was used for
critical point drying. All samples were mounted on stubs and
gold sputtered before examination in the scanning electron
microscope.

X-gal Staining—X-gal staining was performed as described
previously (26). Briefly, embryos were fixed in 2% paraformal-
dehyde and 0.2% glutaraldehyde in PBS for 30 min, and then
re-fixed in LacZ fix solution (0.2% glutaraldehyde, 5 mm EGTA,
100 mm MgCl, in PBS) for 30 min. After washing three times for
15 min in LacZ wash buffer containing 2 mm MgCl,, 0.01%
sodium deoxycholate, 0.02% Nonidet P-40 in 100 mMm sodium
phosphate buffer, embryos were stained for 1 hat 37 °C in LacZ
staining solution containing 1 mg/ml 5-bromo-4-chloro-3-in-
dolyl B-p-galactopyranoside (X-gal) in LacZ wash buffer. Cryo-
section was performed after whole mount pictures were taken.
Pictures were taken under a Leica M165 FC stereomicroscope
or Olympus BX53 microscope.

Quantitative RT-PCR Analysis—AV cushion tissues were
dissected from E9.5 embryos and every 3 tissues of the same
genotype were collected into one tube. RNA was extracted with
Trizol according to manufacturer’s protocol (Invitrogen) and
converted to cDNA using M-MLYV reverse transcriptase (Pro-
mega, M170A). For qPCR, SYBR Green qPCR master mix
(Applied Biosystems) was used, and cDNA was amplified on a
StepOnePlus™™ Real-Time PCR System (Applied Biosystems).

AV Cushion Explants Culture—A solution (1 mg/ml) of col-
lagen type I (BD Biosciences 354236) was dispensed into 4-well
microculture dishes (NUNC) and allowed to solidify inside a
37 °C, 5% CO, incubator. Collagen gels were washed several
times with Opti-MEM. Subsequently, the wells were filled with
Opti-MEM containing 1% rat serum, 1% insulin-transferrin-
seleniun (ITS, Invitrogen), and antibiotics, and incubated over-
night. AV explants were harvested in sterile PBS from E9.5
embryos. Explants were placed with the endocardium facing
downwards and allowed to attach for 5 h at 37 °C, 5% CO.,.
DMEM containing 10% FBS and antibiotics was added, and the
cultures were incubated for up to 3 days.

Immunostaining and TUNEL Staining—Embryos were col-
lected in PBS on ice and then fixed in 4% paraformaldehyde at
4 °C for 30 min. After washing in PBS, embryos were treated
with 30% sucrose until fully penetrated. Subsequently, embryos
were embedded in OCT and snap frozen. Cryosections of 6 —10
pm thickness were collected on slides. Tissues were blocked
with PBS containing 0.1% Triton X-100 and 5% normal donkey
serum (PBSST) for 1 h at room temperature, followed by first
antibody incubation at 4 °C for overnight. Signals were devel-
oped with Alexa Fluor secondary antibodies. Before mounting,
tissues were counterstained with DAPI. Cultured cells were
fixed in 4% paraformaldehyde for 10 min, washed in PBS, and
blocked with PBSST for 30 min at room temperature. They
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were then stained as described for tissues. Antibodies were used
as listed: pHH3 (Upstate, 06-570), Smad2/3 (BD, 610842),
p-Smad1/5/8 (CST, 9511), Ki67 (lab vision, RM-9106-F1),
TGEB1 (Santa Cruz Biotechnology, sc-146), NOTCH1 (Santa
Cruz Biotechnology, sc-6014-R), GATA4 (R&D, AF2606),
p-SMAD?2/3 (CST, 9510). For TUNEL staining, the In Situ Cell
Death Detection Kit (Roche, 12156792910) was used according
the manufacturer’s instruction. Briefly, fixed sections were per-
meabilized with Triton X-100, followed by PBS wash. The
labeling reaction was performed at 37 °C for 60 min by addition
of reaction buffer containing enzyme. Images were acquired on
a Zeiss LSM510 confocal microscope.

Lentivirus Transfection, Cell Motility Assay, and Luciferase
Reporter Assay—Plasmids for packing lentivirus to knock down
YAPI were generated first. Lentivirus was then packaged using
HEK293T cells in 60-mm dishes according Addgene protocol.
For the cell motility assay, after lentivirus transduction for 24 h,
HUVEC cells plated in a 6-well dish were selected by puromy-
cin at a concentration of 0.5-1 ug/ml for 3 days. Then the cells
were scratched with a 10 wl pipette tip and treated with or
without TGFf1 (2 ng/ml) in DMEM containing no FBS for 12 h.
For luciferase reporter assays, HEK293T cells plated in 24-well
dishes at low density were infected with lentivirus and then
selected by puromycin at a concentration of 2 pug/ml for 2 days.
Then the cells were transfected with plasmids using calcium
phosphate-mediated transfection. After transfection, the cells
were serum-starved with or without TGFB1 (2 ng/ml) treat-
ment for 16 h. We used a Luciferase assay kit (Promega, E1910)
to measure the luciferase activity with a luminometer (Berthold
Technologies, Bad Wildbad, Germany). Reporter activity was
normalized to co-transfected Renilla. Plasmids for overexpres-
sion of constitutively active Alk5 (ca-Alk5) were gifts from Dr.
Yan Chen.

Immunoprecipitation, Western Blotting, ChIP-PCR, and ChIP-
qPCR—HUVECs were cultured in DMEM without FBS at low
density (not confluent) for 12 h and then stimulated with or
without TGF1 (2 ng/ml) for another 2 h. Cells were lysed, and
protein extracts were incubated overnight with antibodies and
precipitated with protein A/G plus-agarose (Santa Cruz Bio-
technology). Antibodies used in immunoprecipitation were:
anti-YAP1 (Sigma, Y4770), anti-Smad2/3 (BD, 610842), anti-
Smad4 (Santa Cruz Biotechnology, sc-7966), mouse IgG (JIR,
015-000-003), rabbit IgG (JIR, 011-000-004). Immunoprecipi-
tates were resolved by 10% SDS-PAGE. Proteins were trans-
ferred onto PVDF (Millipore) using a Mini TransBlot system
(Bio-Rad). The membranes were blocked with 5% milk in PBST
and incubated overnight at 4 °C with antibodies, followed by incu-
bation with HRP-conjugated secondary antibodies for 1 h at room
temperature. Signals were detected by enhanced chemilumines-
cence (Pierce) according to the manufacturer’s instructions. Anti-
bodies used in Western blotting were: anti-YAP1 (Santa Cruz
Biotechnology, sc-101199), anti-Smad2/3 (BD, 610842), anti-
Smad4 (Santa Cruz Biotechnology, sc-7966), HRP-anti-rabbit
IgG (JIR, 711-035-152), HRP-anti-mouse IgG (JIR, 115-035-
174). For immunoprecipitation in E9.5 embryos, anti-YAP1
(Santa Cruz Biotechnology, sc-101199) was used and anti-
YAPI1 (Sigma, Y4770) was used in Western blotting. Other anti-
bodies similar to HUVECs were used for immunoprecipitation
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and Western blotting. ChIP-PCR or ChIP-qPCR assays were
performed using the chromatin immunoprecipitation assay kit
(Millipore, 17-295) following the protocol supplied by the man-
ufacturer. Primers used are listed: Snail promoter —625/—502,
sense (5'-TCGAATCCTCTGTTTATTCTGTCTGT-3') and
antisense (5'-GGAGCCAGAAAGTGCGATGA-3’), Slug pro-
moter —697/—576, sense (5'-GCCTGCCTTTAGAGGGCTA-
C-3’) and antisense (5'-TGCGCTACTCAGGGCTTC-3"),
Gapdh, sense (5'-AGCTCAGGCCTCAAGACC-TT-3’) and
antisense (5'-AAGAAGATGCGGCTGACTGT-3').

Statistic Analysis—Data were analyzed by unpaired Student’s
t-tests for two groups, and ANOVA for over two groups test.
Significance was accepted when p < 0.05. Results are shown as
mean * S.E. values. For the counting of AV cushion mesenchy-
mal cells, at least three embryos of each genotype were sec-
tioned. At least three sections of each embryo were counted.
For measuring distance in cell motility assay, 10 pictures of each
group were collected, and 3 points of each picture were
measured.

RESULTS

Loss of YAPI in AV Endocardial Cushion Leads to Embryonic
Lethality—W e first inactivated a conditional YAP1 floxed allele
(YAP1%) (22) in endothelial cells using Tie2-Cre (21) (Fig. 14).
To measure the extent of YAP1 inactivation, we performed in
situ hybridization on Tie2-Cre; YAP1"™ (control) and Tie2-
Cre; YAP1"" (mutant) embryos at E9.5, and found that Yap1
mRNA was reduced in the endocardial cushions of mutant
embryos (Fig. 1B). We also collected AV endocardial cushions
and measured Yapl mRNA by quantitative RT-PCR. YAP1
expression was significantly reduced in mutant samples (Fig.
1C). We collected 31 litters of offspring from mating of female
YAP1Y® with male Tie2-Cre; YAP1Y™", and found only 1
mutant (Tie2-Cre; YAP1Y™) out of 197 mice at weaning (Fig.
1D), well below the expected Mendelian frequency. These data
show that endothelial inactivation of YAP1 severely impaired
embryonic or early postnatal development.

We first evaluated mutant embryos at E9.5 and E10.5. At
E9.5, mutant embryos appeared grossly normal and had normal
cardiac contraction in all samples (Fig. 1E). However, at E10.5,
the embryos were growth retarded, and some had increased
pericardial fluid (Fig. 1F). Tie2-Cre recombines floxed alleles in
vascular endothelial cells in addition to endocardial cells. To
evaluate mutant embryos for a vascular defect that could delay
embryonic development, we examined the yolk sac from E9.5
and E10.5 embryos. At E9.5, the vascular plexuses of mutant
embryos and yolk sacs were grossly comparable to those of
heterozygous littermates (Fig. 1, E, G, H), but at E10.5 yolk sac
vascular remodeling and maturation were disrupted (Fig. 1F).
Such yolk sac vascular abnormalities have been observed in
mutant embryos with impaired heart function (27), so this
defect might reflect a cell autonomous function of YAP1 in the
extracardiac vasculature, or it might reflect impaired heart
function. To avoid nonspecific abnormalities caused by global
embryonic development delay, we focused on E9.5 embryos to
study the role of YAP1 in cardiac cushion development.
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FIGURE 1. Endocardial specific deletion of YAP1 leads to embryonic death. A, schematic figure showing %eneration of YAP1 deletion in endocardial cells by

Tie2-Cre. B, in situ hybridization of YAP1 shows reduced signal in endocardial cells (arrows) in Tie2-Cre;YAP1 fl

"mutant. C, qRT-PCR of YAP1 from atrioventricular

cushion. *, p < 0.05; n = 9. D, genotyping result of weaned litters. Frequency is calculated as the fraction of mice with indicated genotype to all mice. Eand F,
gross morphology of representative mutant and control embryos and yolk sacs at E9.5 and E10.5. Black arrow denotes remodeled vessels in control yolk sac. G
and H, whole mount PECAM staining of E9.5 mutant and littermate control embryos and yolk sacs. White bar, 0.5 mm.

Inactivation of YAPI in the Endocardium Impaired EMT of
AV Cushion—To determine the effect of endocardial inactiva-
tion of YAPI on heart development, we examined serial sec-
tions of E9.5 mutant and control hearts. In control hearts, AV
cushions were populated by mesenchymal cells formed by
endocardial EMT. However, very few mesenchymal cells were
observed in the endocardial cushions of mutant embryos (Fig.
2A). Quantification of the cellularity of mutant and control
cushions showed that the number of mesenchymal cells in both
superior and inferior cushions was more than 10 times lower
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than that of littermate controls (Fig. 2B). A similar conclusion
was reached by scanning electron microscopy, which revealed
significantly fewer mesenchymal cells in the mutant AV cush-
ion region, compared with littermate control (Fig. 2C).
Because YAP1 is an important regulator of cell proliferation,
we examined the effect of YAP1 inactivation on proliferation of
endocardial cells. To determine if the defect in EMT results
from a lack of proliferation, we measured endocardial cells pos-
itive for the proliferation marker phosphorylated histone H3
(pHH3). In the mutant, the fraction of proliferating endocardial
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cells was roughly 3-fold reduced (Fig. 2D). We also performed
Ki67 staining and found significantly reduced number of Ki67-
positive endocardial cells in mutant cushions compared with
control ones (Fig. 2E). Apoptosis analysis by TUNEL showed no
significant difference of endocardial cell apoptosis between the
mutants and littermate controls, suggesting cell death does not
account for significantly reduced mesenchymal cells (Fig. 2F).
These results suggested that endothelial ablation of YAP1
resulted in reduced endocardial cell proliferation, which likely
contributes to the hypocellular cushion defect in mutants.

To further test whether YAP1 is required for endocardial
EMT, we performed ex vivo collagen gel assays to study AV
cushion EMT. In control explants, cells (136.8 * 19.4 cells/
explant) were readily detected migrating into the collagen gel
after 72 h of ex vivo culture, while significantly fewer migrating
cells (25.8 = 13.0 cells/explant) were observed in mutant
explants (Fig. 2G). Migrating cells in the AV explant assay rep-
resent those cells that have undergone activation and delami-
nation from the epithelial sheet of the endocardium (11). A
subset of cells acquire an elongated spindle shape, characteris-
tic of mesenchymal cells formed by EMT, while the remaining
cells retain a rounded morphology, representing cells that have
undergone activation but not transformation (11). Mutant
explants yielded fewer cells with an elongated spindle shape
(Fig. 2G). Quantitative analysis confirmed a statistically signif-
icant decrease in the number (4.3 = 2.4 cells/explant in mutant
versus 33.3 = 14.4 cells/explant in control; p < 0.05) and per-
centage of spindle-shaped mesenchymal cells among all migrat-
ing cells (13.7% * 2.9 mutant versus 26.7% = 3.7 control; p <
0.05; Fig. 2H) in mutant explants. These data suggest that
impaired EMT in combination with reduced proliferation
may account for abnormal development of YAP1-deficient
cushions.
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Proper formation of extracellular matrix (ECM) is crucial for
endocardial EMT (28). To examine ECM integrity, we stained
mutant and control heart sections with Alcian blue, which visu-
alizes glycosaminoglycans that are major components of endo-
cardial cushions. Alcian blue staining showed no significant
difference between mutant and control cushions (Fig. 21), sug-
gesting that inactivation of YAP1 in endocardium did not affect
ECM formation. In agreement with the Alcian blue staining,
expression of hyaluronic acid (HA) synthase 2 (Has2), the gene
responsible for deposition of the major glycosaminoglycan of
the endocardial cushions, was not significantly changed in the
AV cushions of mutants compared with control embryos (Fig.
2)).

Lineage Tracing Reveals Reduced EMT in Mutants—To pro-
vide genetic lineage tracing evidence of the endocardial EMT
defect, we generated mutant embryos containing either the
Rosa26™““ (24) or Rosa26™T™S (23) Cre-reporter allele to
allow visualization of endocardial cells and their derivatives in
the AV cushions. Tie2-Cre efficiently inactivated target genes
in endothelium and its derivatives, including in AV cushion
mesenchymal cells (21). Whole mount and section X-gal stain-
ing of E9.5 control embryos showed mesenchymal cells in the
AV cushion were Cre-labeled, indicating their origin from
endothelial cells by EMT (Fig. 34). While mutant endocardium
of the AV cushions was efficiently Cre labeled (8-gal ), labeled
cells were rarely detected in the AV cushion of mutant embryos
(Fig. 3A). Quantitative analysis showed that the number of
B-gal™ mesenchymal cells formed in both the inferior and supe-
rior AV cushions of mutant embryos was significantly lower
than that of controls (Fig. 3B). Lineage tracing of endocardium-
derived cells using the Rosa26™ ™€ reporter showed consistent
results, with reduced endocardium-derived mesenchymal cells
in mutant cushions at E9.5 (Fig. 3, C and D). Collectively, these
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FIGURE 4. Loss of YAP1 leads to reduced expression of endocardial EMT markers. A, endocardial EMT markers Snail, Twist1, Msx1, Msx2, Sox9, and Slug were
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data indicate that inactivation of YAP1 in endocardium impairs
AV valve development by interfering with endocardial EMT.
Endocardial Deletion of YAPI Leads to Reduced Expression of
EMT Genes—To understand the molecular mechanisms that
explain the loss of EMT in YAP1 mutants, we performed in situ
hybridization and quantitative RT-PCR to detect gene expres-
sion related to AV cushion development. The Snail family
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members Snail (also known as Snail) and Slug (also known as
Snai2) encode zinc finger-containing transcriptional repres-
sors that trigger EMT during embryonic development and
tumor progression by regulating expression of junction protein
E-cadherin (29). In the mouse, Snail is expressed in the AV
cushion endocardium at the onset of EMT and is necessary for
endocardial EMT (30). Likewise, Slug is required for initiation
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steps of EMT in chicken heart development (31). Loss of YAP1
in AV cushion endocardium reduced Snail expression, as mea-
sured by both in situ hybridization and qRT-PCR (Fig. 4A). Slug
expression was also reduced in YAP1 mutant cushions by qRT-
PCR (Fig. 4A). However, Slug in situ hybridization was not
informative as we were unable to detect its expression in AV
cushions at E9.5 (Fig. 4A4). Notch1, which regulates Snail and
Slugto promote AV cushion EMT (30, 32), was not significantly
reduced in the mutant embryos compared with the controls
(Fig. 4, A and F), suggesting that YAP1 regulates Snail and Slug
expression independent of Notch1.

Next, we examined the transcription factors Twistl, Sox9,
Msx1, and Msx2, which are expressed in the AV cushion mes-
enchyme and crucial for the proliferation and migration of
these cells (33-35). We found that these EMT-related genes
were significantly reduced in the YAP1 mutants (Fig. 4A4).
TGEB1, which is a ligand for the TGE signaling pathway and
required for normal AV cushion development (36), was not
significantly altered in YAP1 mutants (Fig. 4, A and G).

We next asked if YAP1-deficient endocardial cells main-
tained their molecular signature. Expression of the endocardial
markers Nfatcl and Ve-cadherin were maintained in YAP1
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mutant endocardium, suggesting that early AV endocardium
specification was unaffected in the mutant embryos (Fig. 4B).
Furthermore, expression of Gata4, Thx5, and Nkx2-S5, tran-
scription factors required for growth and maturation of the
fetal hearts and for endocardial cushion development (37-39)
were also not significantly changed by endocardial YAP1 inac-
tivation (Fig. 4C). GATA4 protein expression was neither sig-
nificantly changed in mutants (Fig. 4E).

To determine whether deletion of YAP1 in the endocardium
might influence myocardial signals required for EMT, we used
in situ hybridization and qRT-PCR to measure the expression
of Thx3, TGFB2, Bmp2, and Thx20, a set of important factors
that are expressed in AV cushion myocardium. Expression of
these factors was grossly normal in the AV cushions of mutant
embryos (Fig. 4D), suggesting that AV myocardial development
and signaling were relatively unperturbed by endothelial YAP1
knock-out.

YAP1 Cooperates with TGFB/Smad Signaling Pathway to Reg-
ulate Snail, Slug, and Twistl Expression in Endothelial Cells—
In an attempt to identify the specific mechanisms that relate
YAP1 and EMT, we knocked down YAPI with two shRNAs
(shYAP1#1 and shYAP1#2). The lentiviruses expressing these
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shRNAs significantly inhibited YAP1 expression in human
umbilical vein endothelial cells (HUVECsS) (Fig. 54). As migra-
tion is an important initial step in EMT, We then tested cell
motility using a wound healing assay to analyze the cellular
function of YAP1 on EMT in vitro. At 12 h after wounding,
YAP1 knock-down cells showed markedly reduced motility
(Fig. 5B). Addition of TGFB1 enhanced migration of endothe-
lial cells (Fig. 5B) and this pro-migratory effect was significantly
blocked by YAP1 knock-down (Fig. 5B and 5C). Snail, Slug, and
Twistl are all downstream targets of TGFf signaling, and are
regulated by Smad2/3/4 complex (40—-43). Next we harvested
the endothelial cells used in the wound healing assay and mea-
sured the expression level of Suail, Slug, and Twistl by qRT-
PCR. Expression of these transcription factors, which were
induced by TGFB1 stimulation, was significantly down-regu-
lated in YAP1 knock-down endothelial cells (Fig. 5D). However,
YAP1-knock-down did not significantly alter the expression of
Smad?2, Smad3, or Smad4 (Fig. 5E), indicating that reduced
Snail, Slug, and Twist1 expression after YAP1 knock-down are
not caused by down-regulation of Smad2/3/4.

To determine whether TGFB-induced Smad nuclear local-
ization was altered by YAP1 knock-down, we performed
SMAD?2/3 immunostaining in endothelial cells cultured at low
density (not confluent). Without TGFB1 treatment, 27.6% cells
treated with scrambled shRNA were nuclear Smad2/3 positive
(Fig. 5, F and G). In YAP1-knock-down, 0.7%-1.3% cells were
nuclear SMAD2/3 positive (Fig. 5, F and G). After treatment
with TGFB1 for 2 h, SMAD2/3 accumulated in the nucleus.
Over 90% of control cells were nuclear SMAD2/3 positive (Fig.
5, F and G). However, fewer YAP1-knock-down cells (~30%)
were nuclear Smad2/3 positive. We also performed p-SMAD2/3
staining on E9.5 embryonic cushions and found less nuclear accu-
mulation of p-SMAD2/3 in mutant endocardial cells compared
with control ones (Fig. 5H). These in vitro and in vivo data suggest
YAP1 regulates SMAD2/3 accumulation in the nucleus.

Recent studies indicate that Twist]l and Snail expression and
endocardial EMT are also regulated by BMP2 (44, 45). On the
molecular level, the BMP signaling pathway functions through
phosphorylation and nuclear localization of the SMAD1/5/8
complex. Therefore we also performed immunostaining to
detect p-SMAD1/5/8 in endothelial cells and found that YAP1
knockdown did not significantly affect p-SMAD1/5/8 expres-
sion or nuclear localization (Fig. 5, I and J).

YAP1 is a transcriptional co-activator. We hypothesized that
it might modulate TGFf signaling by interacting with the
SMAD2/3/4 transcriptional complex. To directly test this
hypothesis, we performed co-immunoprecipitation assay from
HUVECs and from E9.5 embryos. This demonstrated an inter-
action between YAP1 and SMAD2/3/4 complex both in
HUVECs, which were treated with TGFf1, and E9.5 embryos
(Fig. 6, A and B). The SMAD2/3/4 complex was shown previ-
ously to regulate Snail and Slug expression directly by binding
to their promoters (42, 43). We asked if YAP1 also bound to the
same sites through binding to SMAD2/3/4 complex. By ChIP-
PCR and ChIP-qPCR assays, we found YAP1 binds the same
Snail and Slug proximal promoter in response to TGFf1 treat-
ment (Fig. 6C). We next tested whether YAP1 affects the tran-
scriptional activity of SMAD2/3/4 using a luciferase reporter
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that was driven by four repeats of SMAD binding elements
(SBE), described previously (46). As expected, overexpression
of the constitutively active TGE type I receptor (ca-Alk5) or
treatment with TGFB1 (2 ng/ml) for 16 h stimulated the lucif-
erase reporter (Fig. 6D). However, luciferase activity decreased
significantly in YAP1-knock-down cells, with or without over-
expression of ca-Alk5 or TGFB1 treatment (Fig. 6D). These
data suggested that YAP1-Smad2/3/4 interaction promoted
Smad transcriptional activity and potentiated TGEFf signaling.

Taken together, our work show that YAP1 regulates AV
cushion development by regulating endocardial proliferation
and EMT. YAP1 may influence EMT by enhancing Smad tran-
scriptional outputs downstream of TGFB1. In the absence of
YAP1, TGEp1 signaling is down-regulated, leading to decreased
expression of EMT genes Snail, Twist1, and Slug.

DISCUSSION

The importance of Hippo signaling to YAP1 in the regulation
of organ size and cellular proliferation is now well recognized.
However, less is known about how this pathway controls cell
state transitions that are critical for development and oncogen-
esis. In this study, we show that YAP1 is an essential regulator of
AV cushion EMT, a well studied developmental cell state tran-
sition that is essential for heart valve formation. We provide
mechanistic insight into YAP1 control of EMT by showing that
YAP1 potentiates TGFB-driven Smad signaling to regulate
expression of the downstream target genes Snail, Slug, and
Twistl, the important transcriptional regulators of EMT.

Endocardial ablation of YAP1 resulted in markedly hypocel-
lular endocardial cushions. In part, this was due to reduced
proliferation of endocardial cells, consistent with YAP1’s estab-
lished mitogenic activity. We also found that YAP1 regulates
endocardial EMT, thus adding a new mechanism that governs
cushion development. YAP1 was previously implicated in pro-
moting tumor metastasis, a process related to EMT (20). How-
ever, whether YAP1 promotes EMT during oncogenic transfor-
mation in vivo, in addition to tumor growth, is not known. Our
study shows that YAP1 is required during development to pro-
mote EMT in the endocardial cushions and suggests that it may
similarly promote EMT in other developmental contexts or in
oncogenesis, as these different forms of EMT share some com-
mon molecular regulation. Further studies are required to
determine whether YAP1 is deployed to regulate EMT in other
developmental or oncogenic contexts.

YAP1 may regulate endocardial EMT through multiple
mechanisms. Our studies delineate one mechanism, in which
YAP1 is required for TGF signaling by interacting with the
Smad2/3/4 complex. Interestingly, a recent study (47) also
linked Hippo signaling pathway with TGFf signaling by show-
ing that TGF S stimulates Smad2/3/4 binding to WWTR1 (also
known as TAZ), a YAP1 paralogue. As a result, WWTR1 was
recruited to TGEPB response elements in human embryonic
stem cells (47). Loss of WWTRI led to failure of Smad2/3/4
complexes to accumulate in the nucleus and activate transcrip-
tion (47). Whether Hippo signaling pathway potentiates or
inhibits TGF signaling is also highly context dependent. In
high-density Eph4 epithelial cell cultures, the Hippo kinase acti-
vation promoted cytoplasmic localization of YAP1/WWTRI,
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293T cells transfected with ca-Alk5 or treated with TGFB1 (2 ng/ml) for 16 h. *, p < 0.05.

which sequestered Smad2/3/4 complexes and suppressed
TGEp signaling (48). However, knockdown of either WWTR1
or YAP1 did not affect Smad2/3 nuclear accumulation, whereas
knockdown of both prevented Smad2/3 nuclear accumulation
(48). Further studies are needed to understand the factors that
determine whether WWTR1 or YAPI can effectively partner
with Smads to potentiate TGFf3 signaling.

YAP1 is a transcriptional coactivator that does not bind DNA
directly, but rather interacts with DNA-binding transcription
factors to stimulate gene expression. The TEAD family of tran-
scription factors has been most closely related to YAPI,
although several other transcription factors have been impli-
cated as YAP1 partners, including the p53-related p73, RUNX2,
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the ErbB4 cytoplasmic domain, and Tbx5 (49-53). Thus we
suspected TEAD might also play an important role in regulat-
ing endocardial EMT through formation of a YAP1/TEAD/
Smad complex. However, we did not find any TEAD binding
site in a 10-kb region upstream of Snail, Slug, or Twistl pro-
moters, including the sites adjacent to Smad binding sites
(data not shown). This suggests that YAP1 may regulate
endocardial EMT independently of the canonical YAP1/
TEAD complex.

Our finding that YAP1-Smad2/3/4 transcriptional regula-
tion is essential for endocardial EMT is consistent with a previ-
ous study of endocardial inactivation of Smad4 (54). Like YAP1
endocardial loss of function, Smad4 endocardial knock-out
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caused hypocellular endocardial cushions at E9.5, reduced pro-
liferation and survival of cushion mesenchymal cells, and
impaired endocardial EMT. These data further suggest require-
ment of YAP1/Smad complex for AV cushion development.

In our study, we used Tie2-Cre to inactivate a conditional
YAP1 allele. This Cre driver labels both endocardial cells and
vascular endothelial cells. While YAP1 may regulate vascular
development, the effects that we observed on heart valve devel-
opment are likely to be primary since we did not detect a signif-
icant vascular phenotype in mutant embryos or yolk sacs at
E9.5, the time point at which we studied the valve development
phenotype. Furthermore, the ex vivo AV explant studies further
demonstrated that the defect was intrinsic to the AV cushions
and not the embryonic environment. Therefore, our study
clearly demonstrates that YAP1 is required in AV cushion
endocardium for normal endocardial cushion development.

In conclusion, we demonstrate that YAP1 plays a critical role
during AV cushion development, regulating formation of valve
mesenchymal progenitor cells by endocardial EMT. YAP1
potentiated TGFB1 signaling by controlling Smad2/3/4 nuclear
accumulation and regulating downstream targets Snail, Slug,
and Twist] expression. Information acquired from this study
will help us to better understand mechanisms of congenital
heart diseases involving AV valve abnormalities, and may also
have ramifications for understanding EMT in the development
of other organ systems and in cancer.
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